Background and objectives Anemia guidelines for CKD recommend withholding intravenous iron in the setting of active infection, although no data specifically support this recommendation. This study aimed to examine the association between intravenous iron and clinical outcomes among hemodialysis patients hospitalized for infection.
Introduction
Intravenous iron is an important part of the optimal treatment of anemia of ESRD (1), but it is biologically plausible that iron may increase infection risk by impairing neutrophil (2, 3) and T cell function (4) and serving as a growth factor for pathogens (4, 5) . Although an association between iron and viral and fungal infections has been described (5, 6) , the literature in hemodialysis patients has pertained largely to bacterial infections, with a particular emphasis on systemic infections (e.g., bacteremia) (7) . Results from studies evaluating the association between intravenous iron and bacterial infection in hemodialysis patients have been conflicting, and prior studies have had limitations such as the use of serum ferritin as a predictor, lack of control for confounding and residual confounding, small sample size, short follow-up time, and publication bias (7) .
Despite these inconsistent findings, guidelines for the treatment of anemia of CKD have considered intravenous iron to be a risk factor for infection (6) . Canadian and Japanese guidelines have advised caution and careful weighing of the risks and benefits of intravenous iron use in the setting of infection (8, 9) . Kidney Disease Improving Global Outcomes guidelines included a nongraded recommendation to avoid intravenous iron in patients with active systemic infections (1) . The strongest advisory was issued by the European Best Practice Guidelines, which recommended that intravenous iron be stopped in patients with ongoing bacteremia (10). However, no data specifically support the recommendation to withhold intravenous iron in the setting of active infection in hemodialysis patients. Our study aimed to evaluate the association between continued receipt of intravenous iron and clinical outcomes among hemodialysis patients hospitalized for bacterial infection who had been receiving intravenous iron as an outpatient.
Materials and Methods

Study Design and Data Source
We conducted a retrospective observational cohort study using data from the US Renal Data System. We obtained information from the 2010 core standard analytic files. The Committee on Human Research at the University of California, San Francisco did not consider the study to involve human subjects research.
Study Population and Variables
The study population ( Figure 1 ) consisted of adult patients who had Medicare as their primary payer and had received at least 90 days of in-center hemodialysis as of January 1, 2010. We included patients who had at least one hospitalization for bacterial infection from January 1, 2010 to November 30, 2010. We defined a hospitalization as attributable to bacterial infection if the first diagnosis was on our extensive list of International Classification of Diseases, Ninth Revision, Clinical Modification codes for bacterial infection affecting various organ systems (Supplemental Table 1 ) and was indicated as the principal diagnosis. We excluded hospitalizations in which the dates of admission and discharge were the same.
We also required that patients had received intravenous iron of any dose, frequency, or product in the 14 days preceding admission for their first hospitalization for bacterial infection in 2010; this was intended to identify a population for whom intravenous iron was indicated and administered because our objective was to compare outcomes among those who continued to receive and did not continue to receive intravenous iron during the admission. We obtained information about intravenous iron treatment from the institutional claims files, including the specific iron formulation based on Healthcare Common Procedure Coding System codes (Supplemental Table 1 ), dose, and date of administration (11) . We excluded patients who lacked Medicare claims or billed dialysis sessions in 2010 or who were missing covariate data (Figure 1) .
The primary exposure of interest was receipt of intravenous iron of any dose, frequency, or product at any point from the day of hospital admission until discharge for the first hospitalization for bacterial infection in 2010. Secondary exposures of interest were total intravenous iron dose and iron product. Outcomes were defined with respect to the first hospitalization for bacterial infection in 2010 and consisted of all-cause mortality within 30 days of admission, all-cause mortality in 2010, length of stay (LOS), and the composite outcome of readmission for bacterial infection or death from any cause within 30 days of discharge.
Statistical Analyses
Demographic cardiac disease, congestive heart failure, hypertension, peripheral vascular disease, diabetes mellitus, cerebrovascular disease, cancer, chronic obstructive pulmonary disease, alcohol dependence, drug dependence, and tobacco use as binary variables, indicating the presence or absence of each comorbidity), and the infected organ system (bacteremia; cardiovascular; catheter/graft; central nervous system; ear, nose, throat, dental; gastrointestinal/peritonitis; genitourinary; joint/bone; reproductive/breast; respiratory/thoracic; septicemia; skin, soft tissue, muscle; spleen/lymph nodes; tuberculosis; and other [Supplemental Table 1 ] as a categorical variable).
Because intravenous iron administration in the days immediately preceding hospital admission could exert effects that persist during hospitalization, we performed a sensitivity analysis excluding patients who had received intravenous iron within the week before the day of admission. We performed subgroup analyses evaluating the association between intravenous iron and adverse outcomes among patients hospitalized for catheter/graft infections and septicemia/bacteremia, the two most common infection subtypes. We also conducted secondary analyses according to total intravenous iron dose ($100 mg versus none, ,100 mg versus none, and $100 mg versus ,100 mg), restricted to the day of admission in order to account for survival bias from patients living longer having the opportunity to accumulate higher dosing, and the two most commonly used iron products, iron sucrose and ferric gluconate (iron sucrose versus no intravenous iron, ferric gluconate versus no intravenous iron, and ferric gluconate versus iron sucrose).
To evaluate differences in subsequent anemia management, we compared the time to resumption of intravenous iron after discharge and receipt of red blood cell (RBC) transfusions and erythropoiesis-stimulating agents (ESAs) during hospitalization and 30 days after discharge among patients who received and did not receive intravenous iron during hospitalization. Analyses were performed using Stata software (version 12.1; StataCorp LP, College Station, TX).
Results
Intravenous Iron Receipt and Demographic Information
Our cohort consisted of 22,820 adult Medicare beneficiaries on in-center hemodialysis who had received intravenous iron in the 14 days preceding admission for their first hospitalization for bacterial infection in 2010 ( Figure 1 ). The median age of the cohort was 63.9 years (25th and 75th percentiles, 52.6-74.0); 51.2% of patients were men and 57% were white. The groups that received and did not receive intravenous iron were similar in terms of their age, duration of ESRD, sex, race, and comorbidities (Table 1 ). There were statistically significant differences between the groups in terms of geographic location of ESRD network, infected organ system, and hematocrit, although these differences were small in magnitude (Table 1, Supplemental Table 2 ). Approximately 11% of the cohort (n=2463) received intravenous iron during hospitalization, 93% of whom received their only dose on the day of admission. The median total dose was 100 mg (25th and 75th percentiles, 100 mg). Iron sucrose was the most frequently administered product (86.6% of patients who received intravenous iron), followed by ferric gluconate (12.4%), ferumoxytol (0.8%), and iron dextran (0.2%).
Associations of Intravenous Iron with Adverse Outcomes
There were 2618 deaths (11.5% of the cohort) within 30 days of admission and 6921 deaths in 2010 (30.3% of the cohort) with a median follow-up time of 173 days (78-271). The median LOS was 7 days (5-12), which was not significantly different between the groups that received (7 days [4] [5] [6] [7] [8] [9] [10] [11] ) and did not receive intravenous iron (7 days [5] [6] [7] [8] [9] [10] [11] [12] ; P=0.29). There were 3220 patients (14.1% of the cohort) who were readmitted for infection or died from any cause within 30 days of discharge.
Receipt Table 2 ). Excluding patients who had received intravenous iron within the week before the day of admission (Supplemental Table 3 ) and restricting the analysis to patients hospitalized for catheter/graft infections (Supplemental Table 4 ) or septicemia/bacteremia (Supplemental Table 5 Table 3 ). There was no significant difference in adverse outcomes between patients who received at least 100 mg (n=2164) and ,100 mg (n=155) of intravenous iron on the day of admission, although CIs were wide because of the small number of patients who received ,100 mg of iron.
Receipt of iron sucrose was not associated with higher 30-day mortality (OR, 0.84; 95% CI, 0.72 to 0.98; P=0.03), (Table 4) . Receipt of ferric gluconate, although much less commonly used than iron sucrose, was associated with a higher odds of readmission for infection or death within 30 days of discharge (OR, 1.40; 95% CI, 1.04 to 1.89; P=0.03) than not receiving iron; there were no significant differences with respect to other outcomes. Mean LOS was longer among patients who received ferric gluconate compared with iron sucrose (11.7 days [95% CI, 10.4 to 13.0] versus 9.8 days [95% CI, 9.4 to 10.2]; P=0.005); there were no significant differences with respect to other outcomes.
Outcomes Related to Anemia Management
Receipt of RBC transfusion was a rare event overall. Comparing the groups that received and did not receive intravenous iron, there was no significant difference in RBC transfusion receipt during (0.08% versus 0.13%; P=0.76) and 30 days after hospitalization (1.3% versus 1.4%; P=0.71). The majority of patients in our cohort did not receive any ESAs while hospitalized, although receipt of ESAs was significantly higher in the group that received intravenous iron compared with the group that did not (12.0% versus 2.3%; P,0.001). In the 30 days after hospitalization, receipt of ESAs was also significantly higher in the group that had received intravenous iron compared with the group that had not (86.1% versus 84.3%; P=0.02), but this difference was not clinically meaningful. More patients who had received intravenous iron during hospitalization resumed iron after discharge compared with those who had not received iron 
Discussion
In our study of Medicare beneficiaries on in-center hemodialysis hospitalized with bacterial infection, we observed that continued receipt of intravenous iron during hospitalization was not associated with higher all-cause mortality, readmission for infection, or longer LOS. In fact, for most outcomes, the upper bound of the 95% CI excluded substantial harm. We also found that receipt of at least 100 mg of intravenous iron on the day of admission or iron sucrose, the most widely prescribed iron preparation in current United States practice (12), was not associated with adverse outcomes. Intravenous iron was associated with a significantly shorter LOS among patients hospitalized for catheter or graft infections and septicemia or bacteremia, the most common types of infection in our cohort. In addition, intravenous iron was associated with higher odds of readmission for infection among those hospitalized for septicemia or bacteremia. However, there was no association with mortality in either subgroup.
Our study was novel in its evaluation of outcomes associated with continued receipt of intravenous iron in the setting of active infection in hemodialysis patients. Recent large cohort studies have evaluated the association between intravenous iron and risk of subsequent infectious outcomes in hemodialysis patients and have observed differing results. In a cohort of 117,050 patients receiving hemodialysis, Brookhart et al. evaluated the association of intravenous iron dose (high versus low) and dosing strategy (bolus versus maintenance) over a 1-month exposure period on infectious hospitalization over the next 3 months (13). In multivariable-adjusted analyses, they observed a 3% higher hazard of infectious hospitalization (involving any major organ system) with high-dose iron (.200 mg per month) compared with low-dose iron (1-200 mg per month) (HR, 1.03; 95% CI, 1.01 to 1.06) and a 5% higher hazard of infectious hospitalization with bolus versus maintenance iron (HR, 1.05; 95% CI, 1.03 to 1.08). Using similar methods, these results were replicated by the same team of investigators in a cohort of 6605 hemodialysis patients from a small dialysis provider; bolus (versus maintenance) iron was associated with a 13% higher hazard of infectious hospitalization (involving any major organ system) (HR, 1.13; 95% CI, 1.03 to 1.24) (14) .
However, other recent studies have challenged these findings. In two large cohort studies of patients initiating hemodialysis at Dialysis Clinic Inc. facilities, the investigators did not find an association between cumulative intravenous iron dose over 1-, 3-, or 6-month exposure windows and infectious hospitalization or mortality within the subsequent month (15, 16) . In an international prospective cohort of hemodialysis patients, a nonlinear association between intravenous iron and infection-related mortality was observed, wherein patients prescribed no iron or doses $200 mg per month were at nonstatistically significantly higher risk compared with patients prescribed lower-dose intravenous iron (17) . Two small randomized trials involving iron repletion in hemodialysis patients collected data about infectious outcomes as part of their safety analysis and did not find a difference in infectious adverse events between the intervention and control groups (18, 19) . Estimated adjusted association and length of stay data are presented with 95% confidence intervals. Results are adjusted for age, duration of ESRD, sex, race, geographic location of ESRD network, coronary artery disease, other cardiac disease, congestive heart failure, hypertension, peripheral vascular disease, diabetes mellitus, cerebrovascular disease, cancer, chronic obstructive pulmonary disease, alcohol dependence, drug dependence, tobacco use, and the infected organ system. IV, intravenous. a Odds ratio. b Hazard ratio.
Our study is also novel in its evaluation of the potential adverse consequences of withholding intravenous iron during active infection, particularly the possibility of increasing the rate of RBC transfusion, which may also pose risk for infection (20, 21) and can lead to sensitization among patients awaiting kidney transplants (22) , or higher use of ESAs. We found that transfusion was a rare event during hospitalization for infection, and we did not observe a higher risk of transfusion among patients who did not receive intravenous iron during hospital admission. ESA use during hospitalization was relatively uncommon, and we did not observe higher use of ESAs among patients who did not receive iron.
To our knowledge, no studies evaluating the association between intravenous iron and infection have focused specifically on outcomes among hemodialysis patients hospitalized for infection. A strength of our study is that it evaluates outcomes among patients known to have active infection, which is the clinical scenario that closely aligns with the setting in which guidelines have recommended caution in prescribing (8, 9) , avoidance (1), and withholding (10) of intravenous iron. In addition, the sample size is larger than that of most studies examining the topic of intravenous iron and infection risk in hemodialysis patients (7) .
Our study also has several important limitations that must be acknowledged. As with any observational study, there is the possibility of residual confounding. In particular, it is possible that there could be confounding by indication, and relevant variables such as iron indices (e.g., ferritin, transferrin saturation) were not available in our database. The majority (93%) of intravenous iron was received on the day of admission, which limits our ability to make inferences about the longer-term use of intravenous iron during hospitalization for infection. Results from a sensitivity analysis limited to patients who received intravenous iron on the first day of admission were similar to those of the full cohort. We also acknowledge that we lack information regarding the circumstances (e.g., hospital-wide protocols or individualized assessment of patients) that informed the decision to administer intravenous iron. However, investigation of the association between receipt of intravenous iron at the start of an infectious hospitalization (indication notwithstanding) and subsequent outcomes may address a more clinically relevant concern than evaluation of the association with intravenous iron received at later time points when patients have presumably been treated and may no longer be actively infected. We did not include infections treated in the outpatient setting because our focus was on infections that were serious enough to warrant hospitalization. Ascertainment of hospitalizations for bacterial infection was limited by the use of International Classification of Diseases, Ninth Revision, Clinical Modification codes. However, it seems unlikely that misclassification of the outcomes would differ according to receipt of intravenous iron. The sample size was small in the subgroups receiving ,100 mg on the day of admission and ferric gluconate, resulting in wide confidence intervals, which limits interpretation of some of the secondary analyses and warrants confirmation of these findings in future studies. We were also limited in our ability to evaluate the association between receipt of intravenous iron and RBC transfusion requirements because transfusions were rare events.
In summary, among hemodialysis patients hospitalized for bacterial infection, continued receipt of intravenous iron was not associated with higher all-cause mortality, readmission for infection, or longer hospital stay. The observational nature of our study precludes definitive conclusions and should not be interpreted as a recommendation to use intravenous iron in hemodialysis patients without discretion. Nevertheless, our analysis does not demonstrate clearcut benefit or harm from withholding intravenous iron upon admission for infection in hemodialysis patients and does not support any specific recommendation regarding the prescription of intravenous iron in the setting of active infection. However, further examination of the effect of intravenous iron administration and adverse outcomes using randomized controlled trials is necessary before recommending changes in intravenous iron prescribing practices for hemodialysis patients.
